Objective. To understand the relationship between state-level spending by public health departments and the incidence of three vaccine preventable diseases (VPDs): mumps, pertussis, and rubella in the United States from 1980 to 2009. Data Sources. This study uses state-level public health spending data from The Census Bureau and annual mumps, pertussis, and rubella incidence counts from the University of Pittsburgh's project Tycho. Study Design. Ordinary least squares (OLS), fixed effects, and random effects regression models were tested, with results indicating that a fixed effects model would be most appropriate model for this analysis. Principal Findings. Model output suggests a statistically significant, negative relationship between public health spending and mumps and rubella incidence. Lagging outcome variables indicate that public health spending actually has the greatest impact on VPD incidence in subsequent years, rather than the year in which the spending occurred. Results were robust to models with lagged spending variables, national time trends, and state time trends, as well as models with and without Medicaid and hospital spending. Conclusion. Our analysis indicates that there is evidence of a significant, negative relationship between a state's public health spending and the incidence of two VPDs, mumps and rubella, in the United States. Key Words. Tycho, vaccination, VFC, CHIP, vaccine preventable diseases The systematic promotion of public health through state and local health departments is credited with many of the vast improvements in the health of U.S. citizens in the last century (MMWR 1999; Cutler and Miller 2004; Schlipk€ oter and Flahault 2010). However, the resources allocated to these systems, as measured by per capita spending and workforce availability, have not kept pace with the demands of a growing population (ASTHO 2014). In 2011, only 15 percent of funding for core public health-related activities originated from the federal budget, and total per capita public health spending was $251,
or roughly 3.1 percent, of all U.S. total health spending (Beitsch et al. 2006) . Additionally, the number of full-time equivalents (FTEs) employed at public health agencies decreased from approximately 107,000 in 2010 to 101,000 in 2012 (IOM 2012) .
Public health departments have played a significant role in VPD control in the United States, as evidenced by the elimination of indigenous transmission chains for polio, measles, and rubella from the United States through the administration of vaccines, especially in vulnerable populations (CDC 1999) . State public health departments facilitate VPD reduction through the purchase and delivery of vaccines via programs such as the children's health insurance program (CHIP) and by funding vaccine campaigns and vaccine coverage registries (Lindley et al. 2009a,b) . Medicaid also plays a key role in the prevention of disease through facilitating access to vaccines and vaccine activities (Medicaid.gov 2015) . In addition, the federally funded Vaccines for Children (VFC) program was implemented in 1994 to reduce vaccine cost as a barrier to access and improve childhood vaccination rates as well (Walker, Smith, and Kolasa 2014) .
In addition to the purchase and administration of vaccines, public health agencies control VPDs through a variety of approaches. Two of the most effective methods agencies employ are surveillance and monitoring of public and private health providers to identify potential outbreaks. Agencies also provide educational services to inform the public of precautions and steps to take regarding the transmission of VPDs.
Despite the integral role that public health agencies play in reducing VPDs, discretionary funds for vaccine administration at the state level have not kept up with the financial cost of providing the full schedule of vaccines (Lindley et al. 2009a,b) . This deprioritization and consequent underfunding of essential public health activities by individual states has led to disparities in the levels of vaccination coverage across the United States, particularly for underinsured children and adults (Mehrotra, Dudley, and Luft 2003; Hinman, Orenstein, and Rodewald 2004; Lee et al. 2007; Sensenig 2007) . These disparities, combined with the resurgence of previously rare vaccine preventable diseases such as pertussis (which had the most reported cases in 57 years in 2012) make examining the link between public health spending and the incidence of VPDs especially pertinent (CDC 2015) .
As one of the primary objectives of the Healthy People 2020 national health promotion and disease prevention initiative, increasing access to vaccination services and coverage are widely recognized as fundamental aspects of improving health and economic outcomes at both the state and national level (U.S. Department of Health and Human Services 2015) . Despite the impressive gains made in improving vaccine coverage among previously undervaccinated groups by the VFC program, research indicates that gaps in access may persist within the United States (Chu, Barker, and Smith 2004; Smith et al. 2009 ).
Failure to access vaccines is compounded by the increasing numbers of individuals who opt out of vaccination, with the added consequence of putting additional individuals at risk (such as immunocompromised and those too young to be vaccinated) as the benefits of herd immunity are diminished.
Despite the important role that public health agencies play in reducing disease burden, the literature on the impact of investments in public health is limited (Lee and Paxman 1997) . This study seeks to fill gaps in our knowledge of the effectiveness of investments in public health by examining the relationship between state VPD incidence and public health spending.
MATERIAL AND METHODS

Sources of Data
Case count-data for the vaccine preventable diseases considered in this study (mumps, pertussis, rubella) were obtained from the University of Pittsburgh's Project Tycho, which digitized the entire history of weekly Nationally Notifiable Disease Surveillance System (NNDSS) reports for the United States from 1888 to 2013 (Project Tycho 2014) . Spending data were obtained from the United States Census Bureau's Division of State Finance, which, with legal authorization under Title 13 Section 182, conducts an annual survey of state government finances (CDC 1999; U.S. Census Bureau 2014). The Census of Governments collects revenue, expenditure, and debt across all government functions and all levels of government. This occurs annually at the federal and state level, and a full census is conducted every 5 years at the local level. Data on Medicaid spending are available for each state from 1980 to 2006, and the analytic sample spans all 50 states and Washington D.C. over 20 years (CMS, 2015) . The availability of Medicaid data beginning in 1980, large number of missing values pre-1980, and interest in examining the differential impact following the creation of the VFC program in 1994 led to the decision to start the analysis in 1980.
The outcome (dependent) variables considered in the study are the annual counts of mumps, pertussis, and rubella cases reported in each state. Mumps, pertussis, and rubella incidence were chosen as dependent variables based on a preliminary analysis of the Tycho data to determine which VPDs had the most state-level disparity in the United States. As two previously rare diseases that have recently experienced a resurgence, an analysis of mumps and pertussis was also considered to be especially timely.
Independent variables include total state expenditure, total nonhospitalrelated public health expenditure, total hospital-related health expenditure, state Medicaid expenditure, birth count by race, yearly mean population, year, and an interaction term of year and state for each of the states. Expenditures were analyzed on a nonhospital, hospital, and Medicaid level to address the concern that state-reported public health spending in the census will include some clinical activities related to hospitals, clinics, and care for the poor mixed in with preventive activities devoted to vaccinating and controlling infectious disease. Thus, hospital and Medicaid spending variables were included to control for potential confounding between clinical and preventive activities funded by states, with the hypothesis being that nonhospital health spending reflects funding for public health programs (Sensenig 2007) . Population and birth count were also used as controls to account for the arrival of susceptible children and subsequent dilution of state spending across competing needs in an increasingly large population. To consider the impact of the inception of the CDC's VFC Program in 1994, an independent dummy variable indicating pre-versus post-1994 counts was incorporated. An additional interaction term for this dummy variable and total state health spending was also included as an independent variable.
Other key analysis variables are listed in Table 1 . The table shows that the mean counts of cases per state per year numbered in the hundreds with a wide standard deviation driven by the variable population size of each state. One way to adjust for population size might have been to express incidence as a count per child or count per total population and to express spending as per capita spending. However, it is well known that one can incur a serious bias when regressing Y/P on X/P simply because 1/P is on both sides of a regression. To avoid ratio bias, we regress counts of cases as the dependent variable and control for population as a separate independent variable. Toward the end Impact of State Public Health Spending on Disease Incidenceof the study period case counts fell to zero in many states; however, across the entire time span, the average number of cases is in the hundreds (Table 1) . Spending data were adjusted for inflation (year 2013) and then subjected to logarithmic transformation.
Statistical Analysis
To determine the most appropriate model for our analysis, we began by running an ordinary least squares (OLS) regression model, followed by both fixed effects models and random effects models. The OLS, fixed, and random effects models were initially compared using Akaike's information criteria (AIC) as a means of model selection. AIC values indicated that either a fixed or random effects models would provide a superior fit for our model in this instance. A Hausman test was then run to determine whether the assumption of independence between time-dependent and time-invariant variables inherent in a random effects model was appropriate for this analysis. The results of the Hausman test indicated that this assumption was not valid, leading to the choice of a fixed effects model. The use of a fixed effects model also offered the additional advantage of controlling for time-invariant factors that could potentially affect the outcome measure.
Further analysis was performed to understand the effect of CDC's VFC program launched in 1994 by creating a dummy variable for years post-1994 along with an interaction term consisting of this dummy variable and total state health spending. To check the robustness of our results, spending variables were lagged 1, 2, and 3 years prior to the case count for each disease. Additional analyses were also run to test the effect of various time trends on overall case counts. These tests were performed by running the models with no time trends, national time trends (adding a year term as a covariate), and state time trends (adding a term for year and a separate interaction term for year 9 state as covariates). Finally, the fixed effects model with state time trends was modified by excluding Medicaid spending in one instance and hospital spending in another to assess the degree to which there was confounding in the relationship of interest due to these variables.
RESULTS
The results of the fixed effect models for each of the diseases considered in the analysis are presented in Tables 2-5 and S1 and S2 (Table S1 and S2 are available in appendix). Analysis results indicate that a 1 percent increase in public health spending was associated with statistically significantly fewer cases of mumps and rubella per year.
Medicaid spending was found only to have a statistically significant, positive association with rubella. Hospital spending was found to have a negative association with cases for all three VPDs, but none of these results were statistically significant. In the case of pertussis none of the spending coefficients were statistically significant.
Real state expenditure was found to be statistically significant for mumps and rubella. The coefficient for this variable was positive for all three VPDs considered in the analysis and varied only in magnitude.
Results incorporating national trends were extremely similar, showing a statistically significant downward trend for mumps and rubella and statistically insignificant decrease for pertussis. The coefficients for state trends varied by VPD; however, none of the coefficients were found to be statistically significant. Overall, the addition of national and state time trends to the model was not associated with a significant change in the coefficients on spending variables.
Effect of CDC's VFC Program
We found a statistically significant effect of CDC's VFC program on the case counts for mumps, pertussis, and rubella. The interaction term used in model Impact of State Public Health Spending on Disease Incidence3 of Tables 2, 3 , and 4 also had statistically significant coefficients. In the case of mumps, both the slope and the intercept changed. For pertussis, the intercept changed but not the slope. The intercept changed for rubella, but the presence of a significant coefficient on "Post 1994 (vaccines for children)" in both columns 2 and 3 creates ambiguity. The size of the effect of state expenditure after the CDC's program was in place in 1994 is best measured in column 2 of Tables 2, 3 , and 4.
Results of Lagged Models
For mumps, the increasing magnitude and statistical significance (b = À54.86 when the nonhospital spending variable was lagged 3 years) of the lagged model suggests that an increase in public health spending has a progressively larger impact in later years versus the year in which the spending occurred. This lagged effect was only statistically significant for the public health spending variable and increased in size and significance for 5 years after the spending occurred. For pertussis, the effect of nonhospital public health spending changed direction in the lagged analysis and the effect became statistically significant only in the model where spending was lagged by 5 years.
For rubella, the effect of nonhospital public health spending increased in magnitude in the 1-and 2-year lagged models but was not statistically significant after 2 years.
In all models, the effect of Medicaid spending was reduced when the public health spending variable was lagged in progressively later years.
Effect of Medicaid Spending and Hospital Spending
In Tables 2, 3 , and 4 when Medicaid spending is removed from the model (Model 5), the effect of public health spending increases by a magnitude of Notes. p-value in brackets. ***p < .01, **p < .05, *p < 0.1.
four to five times for each of the diseases. This relationship is not observed, however, when the hospital spending variable is removed from the models (Model 6), as public health spending does not change considerably. This indicates that Medicaid spending is a confounder or, more likely, a mediator of the relationship between public health spending and VPD case counts. A potential reason for this is that Medicaid spending is related to both public health spending and relative disease burden.
Limitations
This study is limited in its scope and applicability for a number of reasons. The use of broad categories of spending on public health and hospitals, instead of spending specific to vaccine development and vaccination programs, allows us to see the effects on an aggregate level only, so the effects are relatively modest. To address this limitation, we explored the possibility of incorporat- 
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ing disbursement data specific to vaccine programs (such as VFC and section 317), but ultimately determined that obtaining this information for the years considered in the analysis was not possible.
Another limitation of the model is its inability to capture the economic benefits that accrue with higher levels of vaccination. These benefits include those associated with the reduction in congenital rubella cases, the sequelae for which (including neurological problems and congenital heart defects) have serious repercussions regarding lifetime productivity and treatment costs.
A third limitation of this study concerns the potential role of case ascertainment as a confounding factor, as spending could be endogenously determined by the expected disease burden itself. Additional confounding could be present in the model as a result of our spending estimates including unobservable and dynamic state factors that may codetermine spending and health, such as employment patterns and health-seeking behavior. We attempted to control for time-invariant aspects of this potential confounding as much as possible through the use of a fixed effects model. A final limitation is that state spending on public health can simultaneously improve vaccine coverage and improve the ability to find and correctly identify cases. These effects could potentially cancel each other out as increased coverage reduces the overall case number while increased funding for disease identification increases the number of cases correctly attributed to a disease. This bias drives the effect size closer to zero and makes it harder for us to determine the effect of spending on health. The aforementioned factors indicate that even if statistically significant results are not observed, as in the case of pertussis, this is not conclusive evidence that public health spending does not affect disease incidence. For the diseases where we found that spending lowers caseloads, the above biases likely resulted in a smaller observed effect than would have otherwise occurred.
DISCUSSION
The negative association between public health spending and mumps and rubella case counts between 1980 and 2009 observed in this study are consistent with the hypothesis of public health spending playing an important role in the reduction of VPDs in the United States. In numerical terms, this analysis revealed that for an average state, a 1 percent increase in public health spending was associated with an 11.5 percent decrease in incidence of mumps and 6 percent decrease in rubella incidence.
Furthermore, the results of the lagged analysis show that the benefits of public health spending may be larger than previously estimated, as they occur not only in the year of spending, but continue to accrue, and in fact increase in magnitude, in future years.
Decreases in public health funding have come despite the CDC's assertion that "the foremost state influence on health and longevity occurs through budgetary allocations explicitly designed to improve public health" and numerous studies illustrating the ability of public health departments to combat the leading causes of mortality and morbidity in the United States (CDC 1999) . One such study from Mays et al. found a strong association between increases in public health spending and reductions in mortality, especially due to cardiovascular disease and in infants (Mays and Smith 2011) . Additionally, the results of these analyses are consistent with recent time series models, which estimate that changes in diet, tobacco exposure, and other measures attributable to public health programs are responsible for as much as 50 percent of the gains in life expectancy in the United States (Goldman and Cook 1984; Bunker, Frazier, and Mosteller 1994; Bunker 2001; Cutler, Rosen, and Vijan 2006; Ford and Capewell 2011) . Conversely, the finding that an increase in overall state expenditure and Medicaid spending was associated with an increase in incidence of all three diseases may reflect increasing morbidity triggering higher clinical spending.
The findings of the pre-post-1994 analysis examining the impact of the creation of the VFC program indicate that the program has had a beneficial impact on the goal of reducing vaccine-preventable diseases. These results are consistent with a CDC analysis concluding that the program's elimination of cost and access barriers to vaccination have successfully increased coverage and reduced disparities (Walker, Smith, and Kolasa 2014) .
Interestingly, although similar results were observed for mumps and rubella in terms of the effect of public health spending, this was not the case for pertussis. Of the three diseases in this study, pertussis creates the most immediate and severe morbidity and is more likely to be reported. This may explain the presence of high counts of pertussis and also the lack of significance of public health spending on pertussis counts.
CONCLUSION
Overall, this study shows that an increase in nonhospital public health spending is associated with a decrease in the incidence of mumps and rubella and corroborates recent studies that have shown a strong association between public health spending and rates of preventable mortality and morbidity (Goldman and Cook 1984; Bunker, Frazier, and Mosteller 1994; Bunker 2001; Cutler, Rosen, and Vijan 2006; Ford and Capewell 2011) . This analysis provides important evidence for decision makers regarding the amount of funding allocated for public health departments within individual states, and has important implications regarding the role of public health departments in reducing the disease and cost burden attributable to VPDs.
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